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The extent and pattern of linkage disequilibrium (LD) in the human genome provide important information for disease gene mapping. Previous
studies have shown that LDs vary depending on chromosomal regions and populations. As the Asian samples of the International HapMap Project
consisted of Japanese and Chinese populations, it was of interest whether we could use the HapMap data as a reference to carry out association
studies of common complex diseases in a closely related population, such as Koreans. We have compared the LD and recombination patterns
defined by single-nucleotide polymorphisms (SNPs) in ENCODE region ENm010, chromosome 7p15.2, in Korean, Japanese, and Chinese
samples and further tested the robustness of tagSNPs among the Asian samples. We genotyped 792 SNPs in 500 kb (chromosome 7: 26699793–
27199792, NCBI build 34) from 90 unrelated Koreans by fluorescence polarization detection and compared the data with Asian data from the
HapMap project. Despite some differences in the position of high LD region boundaries, the overall patterns of LD were remarkably similar across
the three samples, reflecting strong genetic affinities among them. Furthermore, the haplotype tag SNP transferability across the three samples was
greater than 90%. Our results support the initial suggestion that the populations genotyped in the HapMap project might serve as reference
populations for the selection of tagSNPs in association studies [The International HapMap Consortium, The International HapMap Project, Nature
426 (2003) 789–796. [1]].
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The extent of linkage disequilibrium (LD) in the human
genome provides valuable information on the identification of
functional polymorphisms predisposing human diseases. Since
there are a limited number of functional polymorphisms across
the genome, the positional cloning of genes for disease
susceptibility depends on polymorphisms that are in LD with
functional polymorphisms. Thus, the information on LD in a
population is critical for the design of association mapping
studies. Previous studies of LD patterns in the human genome0888-7543/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2005.11.002
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E-mail address: kysong@amc.seoul.kr (K. Song).have shown that LD appeared to vary among populations,
between chromosomal regions, and between pairs of markers
in close proximity [2–4].
Studies performed at gene-based, extended regions or
chromosome-based levels suggest that the LD and haplotype
patterns are highly variable depending on region and the
genome is composed of regions of strong intermarker LD, or
haplotype blocks, interspersed by presumed recombination
hot spots [2,5–12]. Recently, it was also suggested that
haplotypic variation might be much lower than previously
expected [7–9]. Haplotype blocks are characterized by low
haplotype diversity, strong associations between alleles, and
rare recombination. Thus, it is possible to tag common
haplotypes efficiently with only a subset of polymorphic6) 392 – 398
www.el
Table 1
Distribution of minor allele frequencies for the common markers
MAF Korean Japanese Chinese
Monomorphic 260 42.21% 234 37.99% 236 38.31%
<0.1 78 12.66% 177 18.99% 110 17.86%
0.1–0.3 122 19.81% 115 18.67% 126 20.45%
0.3–0.5 156 25.32% 150 24.35% 144 23.38%
616 616 616
J. Lim et al. / Genomics 87 (2006) 392–398 393markers, known as haplotype tag single-nucleotide poly-
morphisms (tagSNPs) [6,13,14].
As the International Haplotype Map (HapMap) Project will
soon provide a validated SNP map of one marker per kilobase
in four large populations, a large number of SNPs will be
available for even a single candidate gene to be tested in a
given population [1]. The challenge of comprehensive SNP
studies can be reduced to determining haplotype patterns that
are common in the population, selecting proper tagSNPs, and
testing each haplotype for epidemiological association to
disease. This would reduce the number of SNPs required for
the whole genome or regional scan dramatically with little loss
of power or completeness.
Because the HapMap Project including Japanese and Han
Chinese is ongoing, it is of interest whether such a map is
useful for Korean samples as well. We have conducted a
comparative study of the LD pattern and haplotype structure
for ENCODE region ENm010, chromosome 7p15.2, of theFig. 1. Distribution of linkage disequilibrium in a 500-kb ENCODE region, chrom
(bottom) and r2 (top) in a mean interval of 10 kb with 5-kb overlap for markers with
sample; and, green line for Han Chinese sample.Korean and HapMap Asian samples and further tested tagSNP
transferability across three samples. We chose this region
because (i) it was manually selected as a region of biological
interest, (ii) it included a HOXA cluster, and (iii) it had
validated SNPs of relatively high density. Despite differences
in boundaries of high LD regions, our analyses show
remarkable similarities in LD strength, haplotype profile, and
efficient tagSNP transferability among the three samples.
Results
Distribution of minor allele frequencies of common SNPs in
Asian samples
All markers in the chromosome 7p15.2 ENCODE region
were selected from the International HapMap Project website
(http://www.hapmap.org/genotypes/latest/ENCODE/). As of
March 1, 2005, a total of 1224 SNPs in CEPH Caucasian
samples, 1064 SNPs in Asian samples, and 1004 SNPs in
African samples were available on the website. Since our aim
was to test the applicability of the Asian HapMap data to
Korean samples, we focused on the SNPs genotyped in the
Asian samples. Of 1064 SNPs genotyped in the Asian
samples, 792 were successfully genotyped in Korean samples.
Assay failure of the remaining SNPs was due to FP failure
(261 SNPs) and PCR failure (11 SNPs). All data for the 792
SNPs were deposited with the National Genome Informaticsosome 7p15.2. The colored lines indicate sliding-window plots of average DV
minor allele frequency 0.05; red line for Korean sample; blue line for Japanese
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792 SNPs, 595 and 642 were common in all five populations
and in the Asian samples in the HapMap data, respectively.
Concentrating our analysis on the comparison across three
Asian samples, we first quantified differences in allele
frequencies among the three samples using the genetic
distance measure FST [15]. Among 642 SNPs, 25 and 26
showed an FST value greater than 0.10 in Korean vs. Japanese
or Korean vs. Han Chinese samples, respectively. In contrast,
only one SNP showed an FST value greater than 0.10 between
Japanese and Han Chinese samples. Thus, 26 SNPs were
deleted from further analysis. The FST values for each marker
in Korean vs. Japanese or Korean vs. Han Chinese showed
low levels of population differentiation (see SupplementalFig. 2. Comparison of LD patterns and estimated recombination rates for chromosom
in the region is shown at the bottom.Figs. 1A, 1B, and 1C for a plot of FST in KOR vs. JPT, KOR
vs. HCB, and JPT vs. HCB, respectively). The distribution of
minor allele frequencies of the resulting 616 SNP markers in
three samples is shown in Table 1. Between 38 and 42% were
found to be monomorphic in any Asian sample, showing an
average spacing of 1.3–1.4 kb. An analysis of variance
(ANOVA) indicated that there was no statistically significant
difference in average allele frequency among the three
samples (P = 0.563). Pearson’s correlation coefficient for
the minor allele frequencies of 616 SNPs between Korean and
Japanese samples was 0.933, between Korean and Han
Chinese samples was 0.918, and between Han Chinese and
Japanese samples was 0.925. The average FST between
Korean and Japanese samples was 0.0055, slightly lowere 7p15.2 in Korean, Japanese, and Chinese samples. Location of HOXA genes
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between Japanese and Chinese samples (0.0068).
Comparison of LD patterns and recombination rates
To investigate patterns of LD in the region, twomeasures of LD
(DV and r2) were estimated between all pairwise combinations of
markers in each population using Haploview version 3.2 (http://
www.broad.mit.edu/mpg/haploview/). Lewontin’s standardized
coefficient DV = 1 indicates absolute LD when one or two
haplotypes are missing [16], whereas r2 = 1 indicates absolute LD
when two of four haplotypes are missing [17]. Fig. 1 shows a
sliding window LD profile by calculating the average D V and r2 in
successive segments of an average of 10 kb with 5 kb of overlap.
General patterns of LD shown in r2 appeared to be remarkably
similar across the three samples. A slight amount of LD strength
shown in DV was observed in Korean samples near chromosome
positions 26.83, 26.88, and 27.01.
We adapted the criteria of a LD block as any series of two
or more markers in a contig for which all pairwise values of
DV > 0.8 on average with a 95% confidence boundary
between 0.7 and 0.98 [9]. Using Haploview version 3.2, a
total of 301, 283, and 287 SNPs with a minor allele
frequency greater than 5% were included in LD blocks,
encompassing almost 426 (85.2%), 449 (89.8%), and 465
(93%) kb, in Korean, Japanese, and Chinese samples,
respectively (Fig. 2). Twenty blocks were identified in Korean
samples, spanning the interval from 472 bp to 77.5 kb in
length (Table 2). In Japanese and Han Chinese samples, 14
and 13 blocks were identified, respectively. The average sizeTable 2
Distribution of LD blocks and haplotypes
KOR JPT
Block
no.
Block
size (bp)
Markers Hap
no.a
Block
no.
Block
size (bp)
1 77,476 12–85 4 1 210,452
2 35,881 101–120 3
3 874 128–130 2
4 54,694 135–189 3
5 33,869 195–254 4 2 56,939
6 16,615 255–269 4
7 3750 272–276 2
8 10,450 282–293 3 3 10,401
9 25,328 297–341 4 4 6528
10 38,256 351–405 4 5 52,185
11 23,503 406–433 3 6 1245
7 22,895
12 9254 435–452 5 8 7795
13 12,028 453–469 4 9 1937
14 3621 471–478 4
15 472 481–484 3
16 28,352 502–551 4 10 28,352
17 1587 560–566 3 11 743
12 1949
18 714 570–572 3 13 14,699
19 15,066 579–595 3
20 34,518 601–615 4 14 33,362
Total 426,308 449,482
a Number of haplotypes with frequency greater than 5%.of a haplotype block was 21.3 kb for Korean, 32.1 kb for
Japanese, and 35.8 kb for Chinese samples. As shown in Fig.
2, the largest block, which was >210 kb, was identified in
both Japanese and Han Chinese, whereas it was divided into
smaller blocks in Korean samples. When the SNPs of a minor
allele frequency threshold of 0.20 instead of 0.05 were
included in a LD block, the number of LD blocks was similar
(13 vs. 14 or 13) across three samples with the average size
of a haplotype block being 32.2, 28.8, and 31.5 kb for
Korean, Japanese, and Chinese samples, respectively (data not
shown). The number of LD blocks appeared to vary due to
the differences in the minor allele frequency distribution of
SNPs and the sample size. For each LD block, the number of
haplotypes with frequency greater than 5% was less than 5.
We then estimated recombination parameters across the
region using LDhat [18,19] and compared three samples (Fig.
2). LDhat estimates a variable recombination rate using a
Bayesian reversible-jump MCMC scheme under the crossing-
over model [20]. Patterns of recombination rate in three samples
showed four hot spots that were conserved very well, consid-
ering the number of LD blocks estimated by the Haploview
program. Importantly, four hot spots located at 26.89, 26.96,
27.06, and 27.09 Mb indicated that the spacing between blocks
was exactly identical in the three samples. In other words, the hot
spots indicated the exact point of high recombination rate for
common Asian populations in the region. We then analyzed
European and African samples in the International HapMap
Project database to determine whether or not the detection of
four hot spots in the region might be extended to other races.
Indeed, the four hot spots were the point of high recombinationHCB
Markers Hap
no.a
Block
no.
Block
size (bp)
Markers Hap
no.a
2–189 3 1 210,452 2–189 3
197–273 4 2 53,939 195–269 5
3 3750 272–276 2
282–292 3 4 10,401 282–292 4
294–302 3 5 25,328 297–341 3
304–389 2 6 41,167 351–408 5
397–400 3 7 17,024 409–432 5
403–432 5
461–474 4 8 18,869 447–474 3
475–474 3 9 1790 475–477 2
502–551 4 10 28,352 502–551 3
561–565 2 11 743 561–565 2
566–570 4
580–598 4 12 20,281 569–601 4
604–615 4 13 33,362 604–615 4
465,458
Table 3
Distribution of haplotype profile across the three samples
a Tag SNPs identified in Korean samples are indicated by triangles.
b Tag SNPs identified in Japanese samples are indicated by squares.
c Tag SNPs identified in Han Chinese samples are indicated by circles.
d Nine tag SNPs identified in Korean samples were used to obtain these values. Significance of permutation test is based on 1000 permutations.
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African, and Asian (data not shown).
One common LD block of 28.4 kb in length was identified
across the three samples (Table 2). To avoid problems
associated with the differences in block boundaries, we chose
23 markers common to all three samples in the blocks.
Haploview version 3.2 was used to investigate the haplotype
diversity within the LD block and identify tagSNPs (Table 3).
As haplotype profiles were analyzed based on nine tagSNPs
chosen from Korean samples, the distribution of five haplo-
types (frequency 1%) did not show a statistically significant
difference across the three Asian samples based on 1000
permutations (P = 0.347) (PHASE).
Haplotype tagging efficiency and tagSNP transferability
Haplotype tagSNPs were identified using Haploview
version 3.2. The efficiency of haplotype tagging, which was
defined as the total number of makers genotyped divided by the
number of tagSNPs required to explain 100 and 80% of initial
haplotypes, was estimated in each sample as described by Ke et
al. [21] (Table 4). Using all the SNP markers with minor allele
frequency greater than 5% in Korean, Japanese, and Han
Chinese, the efficiency of tagSNPs to tag all haplotypes (100%Table 4
Efficiency of haplotype tagging
No. of SNPs 100% diversitya 80% diversityb
MAF >5% No. of
tagSNPS
Tagging
efficiency
No. of
tagSNPs
Tagging
efficiency
KOR 302 246 1.2 82 3.7
JPT 285 145 2 65 4.4
HCB 290 160 1.8 75 3.9
a Selected tagSNPs can resolve 100% of all existing haplotypes.
b TagSNPs can resolve 80% of all existing haplotypes.diversity) was lower in Korean samples (1.2) than in Chinese
(1.8) and Japanese samples (2.0). The poor tagging efficiency
of Korean samples was predicted from the LD block pattern as
more short blocks were found in Korean samples. However, at
a less stringent threshold of 80% diversity, tagging efficiency
increased almost twice in all samples (Table 4) except in
African samples (data not shown). Tagging efficiency at 100%
diversity was 1.2 in African and 2.0 in CEPH Caucasian
samples (data not shown). Previous findings suggested high
tagging efficiency, an average savings of two- to fivefold in
Caucasians and two- to threefold in Africans [22,23]. It seemed
that the tagging efficiency in Asian samples was rather low in
this region: a savings of 1.2, 1.8, or 2.0 suggested that a large
proportion of SNPs (50–83% for Asians) was required to
capture the variations in a haplotype set.
We then tested the robustness of tagSNPs in a sample when
applied to a different sample from the same Asian population.
The analysis was performed using markers common to all three
samples with a minor allele frequency greater than 5% at a
marker density of 2–3.4 kb. As was expected from tagging
efficiency data, the robustness of tagSNPs obtained fromKorean
samples was greater in Japanese and Han Chinese samples than
the other way around: >95% SNPs were captured with an r2
threshold >0.8 when a tagSNP set selected from the KoreanTable 5
Robustness of htSNPs
Genotyping data htSNP set
HCB (%) JPT (%) KOR (%
HCB 1.9/100.0 2.0/98.4 1.2/97.7
JPT 1.9/98.4 2.0/100.0 1.2/98.8
KOR 2.0/91.9 2.1/89.1 1.2/100.0
Note. Tagging efficiency/% of SNPs captured with threshold r2 > 0.8 when
htSNP sets selected from a sample were applied to genotyping data from the
other samples.)
J. Lim et al. / Genomics 87 (2006) 392–398 397sample was applied to Japanese and Han Chinese genotyping
data, whereas approximately 90% SNPs were captured when the
tagSNP set selected from Chinese and Japanese samples was
applied to Korean genotyping data (Table 5).
Discussion
A comprehensive catalogue of human SNPs is necessary for
the epidemiological association to disease. The selection of
proper tagSNPs would significantly curtail the cost of
comprehensive genotyping by dramatically reducing the
number of SNPs required for a whole genome or regional
scan with little loss of information or completeness. As the
International HapMap Project will soon provide validated a
SNP map of one marker per kilobase in four large populations,
the general applicability of the HapMap data needs to be
confirmed in samples of local populations. Since the Asian
samples of the HapMap project consisted of Japanese and Han
Chinese, we wanted to test whether such a map could be useful
for a related sample, such as Koreans.
One limitation of the present study was a rather high assay
failure rate (25.6%, 272 of 1064 SNPs genotyped), given the
fact that this ENCODE region was genotyped using the same
platform. Of 272 SNPs that failed in the assay, 11 SNPs failed
due to PCR failure and the rest failed due to genotyping
failures that did not pass the quality-control requirements
described under Materials and methods or FP reaction failure.
The ascertainment bias in SNP frequency was a potential
problem in our study, because all the SNPs typed have been
chosen from the International HapMap Project database and the
Korean sample size was twice as large as those of the two other
Asian samples. In fact, the distributions of allele frequency in
Asian, Caucasian, and African populations were different: the
percentage of markers decreased as minor allele frequency
increased in Caucasian samples, whereas more markers with
minor allele frequency >0.3 were found in Asian and African
samples. The distribution of a minor allele frequency of 616
SNPs common to all three samples showed statistically
borderline similarities among them (P = 0.0499). However,
the average size of haplotype block was the lowest in Korean
(21.3 kb), compared to 32.1 kb in Japanese and 35.8 kb in
Chinese samples. It appeared to reflect differences in the
sample size and distribution of allele frequency in the three
samples. Fourteen to 28 more SNPs with minor allele
frequency >5% were present in Korean than in Japanese or
Chinese samples, and the sample sizes were different between
Korean and Japanese or Han Chinese samples (90 vs. 45 each).
In fact, when the data of Japanese and Han Chinese samples
were combined, the difference in SNP number was reduced to
13 and the average size of haplotype block was similar between
Korean and combined Japanese and Han Chinese samples
(21.3 kb vs. 28.2 kb).
Despite the differences in the average size of haplotype
blocks and boundaries of high LD regions, the LD and
localization of recombination hot spots were remarkably
similar across the three samples. The block boundaries
obtained with SNPs of a minor allele frequency of 0.05 variedamong these closely related populations. Because of the
differences in LD strength and block boundaries, different
tagSNPs were identified in the three samples for each block.
However, haplotype profiles of the same size block failed to
show statistically significant differences among the three
samples. Although it still remains to be seen whether the
samples used in this study reflect the divergence of the three
samples, our data, which show considerable similarities in LD
strength and the kinds of haplotypes, appear to reflect strong
genetic affinities among the three samples [24]. Our data
concur with previous reports of comparative studies of LD
patterns at various levels that have shown a high degree of
concordance among various populations [9,24–27].
It depends on the tagSNP transferability whether it would be
possible to reduce costs for association studies of the Korean
population by utilizing tagSNPs from the Asian samples in the
International HapMap Project. In the ENCODE region we
tested, the tagging efficiency was rather poor in Korean
samples compared to Japanese or Han Chinese samples, and
the robustness of tagSNPs was approximately 90% as the
tagSNPs identified in Japanese or Han Chinese samples were
applied to Korean genotyping data at an r2 threshold >0.8. The
loss of information in association studies would vary depend-
ing on various factors including the nature of complex diseases
and samples, sample size, candidate loci, and study design. In
any case, our data suggest that it should be possible to reduce
costs for association studies of Korean samples by utilizing
tagSNPs identified in Asian samples in the International
HapMap Project.
We conclude that the International HapMap Project data will
facilitate comprehensive genetic association studies of human
diseases for regions where significant similarities in LD and
haplotype structure are present among populations. As it was
reported that chromosome region-specific differences in LD
patterns appeared to be more important than the population-
specific differences [28], further analyses across the whole
human genome are necessary to design association studies in a
given population.Materials and methods
Samples
Genomic DNAs from 90 healthy Korean individuals were obtained from
the National Genome Research Institute of Korea. The KNIH samples were
collected as part of an epidemiological project and represent an urban region in
the south of Seoul city. The sex ratio was 0.5 and mean age was 50. Approval
from the relevant ethical committees and informed consent from all
participating subjects were obtained by KNIH. The present studies were also
reviewed and approved by the Ethics Committee of the University of Ulsan
College of Medicine, Seoul, Korea.
SNP selection and genotyping
One thousand sixty-four SNP sites for which Asian genotyping data were
available at the HapMap website were selected from the HapMap Project
website. Genotyping was performed by the FP-TDI assay using a commercial
reagent kit, AcycloPrime-FP, by Perkin–Elmer Life Sciences (Boston, MA). Of
1064 SNPs, 713 (67%) were SNPs with rs number and the others were non-rs
J. Lim et al. / Genomics 87 (2006) 392–398398markers. Of 713 SNPs with rs numbers, 128 (18.0%) turned out to be
genotyping failures and 11 were PCR failures. Of 351 non-rs markers, 133 were
genotyping failures. Markers were treated as genotyping failures when they
failed in the FP reaction for an unknown reason or did not pass the following
quality-control requirements: markers showing a pass rate <80%, >1 duplicate
discrepancy, and Hardy-Weinberg P value <0.0001.
Statistical analysis
The genotype frequencies for each SNP were checked for consistency
between the observed values and those expected from Hardy-Weinberg
equilibrium using Haploview version 3.2 in each sample. Haploview version
3.2 was used to estimate Lewontin’s coefficient DV [16], correlation coefficient
r2 [17], block structures, haplotype frequencies, and tagging efficiency, and
Tagger (http://www.broad.mit.edu/mpg/tagger/) was used to determine the
robustness of tagSNPs. The LDhat program was used to estimate the
recombination rate and PHASE program for permutation test significance
levels of the haplotype profile differences between two samples. ANOVA and
2 test were performed to compare the differences in average allele frequencies
and distribution of minor allele frequency among the samples using SPSS for
Windows (release 10.0).
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